Tuning energy levels in magnesium modified Alq3 J. Appl. Phys. 109, 083541 (2011) Disorder-induced exciton localization and violation of optical selection rules in supramolecular nanotubes J. Chem. Phys. 134, 114507 (2011) Exciton-polariton transmission in quantum dot waveguides and a new transmission path due to thermal relaxation J. Chem. Phys. 134, 044108 (2011) Double excitations in correlated systems: A many-body approach J. Chem. Phys. 134, 034115 (2011) Additional information on Appl. Phys. Lett.
The exact energy position of the free exciton transition and thus the lowest band gap in bulk wurtzite AlN are still under discussion. By combined high resolution optical emission and absorption experiments on a sample with ð1 100Þ surface, we resolve the fine structure of the lowest energy free exciton and determine an electron-hole spin-exchange interaction constant of j ¼ À4 meV. This results in a low energy C 1 exciton at 6.032 eV and a high energy C 5 component at 6.040 eV. Only the latter one is observable for (0001) oriented AlN films due to selection rules. The fundamental excitations of semiconductors (excitons) have been investigated for decades in all kinds of materials. They consist basically of electrostatically bound electron-hole pairs and dominate optical interband transitions as long as their binding energy is larger than %k B T. The exciton fine structure in hexagonal wurtzite semiconductors is linked to the valence band structure with three valence bands which are split by crystal field (D cf ) and spin-orbit (D so ) interaction. Additionally, the short range spin-exchange interaction leads to a further splitting of excitonic states. The corresponding exciton Hamiltonian can be written as
Here, E X is the exciton binding energy taking into account the corresponding valence band dispersion, j is the spinexchange interaction constant, and r e;h are spin-Pauli matrices operating on valence-electron and hole spin functions, respectively. In a simplified picture, the spin-exchange interaction j amounts always to a certain fraction of %10% of the exciton binding energy 2 E X . A comprehensive table for a variety of semiconductors is provided, e.g., in Ref. 3. To study the exciton states split by spin-exchange interaction experimentally, it is natural to chose a material having a large j resulting in a large separation of the different exciton states. Such materials therefore also should fulfill the criteria of a large E X .
ZnO has a large E X of around 60 meV and a large j ¼ 5:6 meV. 4 Alas, in this case, the valence band spacing from the highest valence band to the next one is 4.5 meV only, much lower than the undisturbed distance between the excitons split by spin-exchange interaction of 2j ¼ 11:2 meV. This means that the intermixing between the excitons formed from holes of the different valence bands makes any investigation complicated in ZnO. Also, GaN has a relatively large E X of about 25 meV; however, its spin-exchange is reported to be as low as j % 1 meV, 3, 5, 6 clearly violating the %10% rule-of-thumb.
Another candidate material having large E X and additionally large separation of the highest valence bands is wurtzite AlN which has recently gained much attention due to its interesting valence band structure 7 and its technological importance as upper end of the III-nitride alloy system which is, e.g., used for ultraviolet light emitters. [8] [9] [10] In AlN, the exciton binding energy is consistently reported to be around 53 meV; however, spin-exchange interaction has so far not been considered to interpret spectra, which leads to the situation that the identities of observed free exciton transitions are ambiguous.
Here, we shed light on the free exciton fine structure of wurtzite AlN by a combined high resolution emission and absorption study on a sample which has the optical axis inplane. By taking fundamental symmetry considerations into account, we unambiguously identify the lowest exciton to have C 1 symmetry and an additional exciton 8 meV higher in energy with C 5 symmetry. This order of the exciton states yields a negative value for the spin-exchange interaction of j ¼ À4 meV, what was not observed for any bulk semiconductor material before.
Due to its large negative crystal field splitting of D cf ¼ À221 meV, the valence band order of AlN is C 7 ; C 9 ; C 7 . The value of D cf is approximately the splitting between the highest and the other two valence bands, which in turn are just split by the much lower spin-orbit interaction (D so ¼ 13 meV). These conditions allow for a detailed analysis of the optical properties of the wurtzite material system, including their anisotropic symmetry characteristics.
On high quality (0001) c-oriented homoepitaxial layers, an energy of 6.040 eV is reported at low temperature for the lowest free exciton transition, [11] [12] [13] while on off-oriented a)
Author to whom correspondence should be addressed. Electronic mail: martin.feneberg@ovgu.de. layers a slightly lower value is found 14, 15 (see also the discussion in Ref. 11) . From samples with non-and semipolar surfaces, however, energies at or below 6.035 eV are found. [16] [17] [18] These differences cannot be explained by changes in strain and/or impurity concentrations alone. In the following, we will show that a natural and physical interpretation is possible in terms of spin-exchange splitting by distinguishing between C 1 and C 5 excitons.
Electrons from the C 7 conduction band form excitons when interacting with holes from the C 7 valence band. Thus, excitons of C 1 , C 2 , and C 5 symmetry in C 6v are formed, where the latter are twofold degenerate
C 2 states are dipole forbidden paraexcitons and cannot contribute to optical spectra, thus we are left with the C 1 and C 5 symmetry states forming orthoexcitons. In our case, the polarization orientation of the electric field vector for each exciton state is guiding their unambiguous identification. The C 1 exciton is expected to be only visible for E k c and k ? c, the C 5 exciton only for E ? c and k k c or k ? c but with much lower oscillator strength.
The degeneracy of C 1 and C 5 states is lifted by the nonvanishing electron-hole spin-exchange interaction j. We calculated the resulting exciton fine structure by diagonalizing the full 12 Â 12 kp Hamiltonian 4,6 keeping j as an adjustable parameter. As long as we are concerned with experimental situations with E; k along principal axes, no further splitting in transverse and longitudinal branches due to the polaritonic nature of the excitons is expected to be observable.
The sample under study is a high quality AlN single crystal grown by physical vapor transport. 19 Its surface is ð1 100Þ oriented within an accuracy of 60:3
. The sample is about 500 lm thick. Lattice constants are c ¼ 4:9810Å and a ¼ 3:1109Å according to XRD measurements. Chemical analysis of a companion sample yielded impurity concentrations of ½O ¼ 7 Â 10 18 cm À3 , ½Si ¼ 5 Â 10 18 cm À3 , and ½C ¼ 6 Â 10 17 cm À3 . Photoluminescence was excited by laser pulses of an ArF* excimer laser with a wavelength of k ¼ 193 nm in the low excitation regime. An a-BBO (barium borate) Rochon polarizer was used to selectively record different polarization directions of the electric field vector. Luminescence light was dispersed by a grating monochromator with 1.25 m focal length and detected by a liquid nitrogen cooled CCD camera. The spectral resolution of our setup was better than 250 leV at 6 eV. For reflectivity spectra, a D 2 lamp was used as light source, while as reference, a special high UV reflectivity mirror was employed. By spectroscopic ellipsometry, the parameters W and D were recorded for caxis orientation parallel and perpendicular to the plane of incidence. 20 The data analysis yielded the ordinary (E ? c) and extra-ordinary (E k c) dielectric functions ( e j ¼ e 1;j þ ie 2;j ; j ¼ ?; k) which were then analyzed 21 with respect to the excitonic contributions. The high resolution of around 1 meV at 6 eV necessary for this study was achieved by accessing the ellipsometer attached to the Berlin electron storage ring for synchrotron radiation (BESSY II).
The imaginary parts of the anisotropic dielectric function at low temperature are presented in Fig. 1 . These spectra are truncated to clearly visualize the details around the fundamental absorption edge. For E k c (e 2;k ), the multiple components (as described earlier 22 ) contributing to the absorption are indicated. We find a very satisfying agreement of fitted and experimental spectrum for an exciton resonance peaking at 6.032 eV (amplitude is about 17) and additional excited states within a simple hydrogen model with an exciton binding energy of 53 meV (labeled FXðC 1 Þ). The exciton continuum (exc. cont.) and exciton-phonon complexes (EPCs) are also visible clearly. Both are compatible with an exciton binding energy of 53 meV and a longitudinal optical phonon energy of 110 meV, respectively. For E ? c, the imaginary part of the dielectric function is shifted to a higher energy onset. Exciton resonances belonging to the C 5 symmetry are found at 6.255 eV and 6.264 eV yielding D cf ¼ À221 meV and D so ¼ 13 meV.
From the complete dielectric function, we calculated a normal incidence reflectivity spectrum and compared it to an experimentally obtained one (Fig. 2) . Both curves show identical features at the same energy values confirming the validity of our dielectric function. Minor differences occur Remaining differences are mainly due to the better spectral resolution of the experiment implying the D 2 lamp. The imaginary part of the dielectric function e 2;eo is shown for comparison (red, this is the same spectrum as already shown in Fig. 1 ).
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Feneberg et al. Appl. Phys. Lett. 102, 052112 (2013) due to the higher spectral resolution of the spectra obtained with the D 2 lamp. A simple Lorentz oscillator fit of the reflectivity curves yields a too high transition energy compared to the peak from e 2 located at 6.032 eV. This is due to a negative e 1 close to the exciton resonance (not shown here) and the very high value of e 2 % 17 at the resonance energy. Photoluminescence spectra were taken in different geometries from our sample. Fig. 3 shows a comparison of (normalized) spectra taken from different surfaces and in different polarization orientations. First, we recorded a spectrum from the (0001) side-surface of our 500 lm thick sample (k k c; E ? c, blue trace). We find a single free exciton contribution peaking at 6.040 eV. The same peak is visible also in a spectrum taken from the ð1 100Þ surface plane with the electric field vector oriented parallel to (0001) (k ? c; E k c, red trace). However, an additional contribution at 6.032 eV becomes visible as well, exactly at the same energy position where the imaginary part of the extraordinary dielectric function has its maximum (also shown in Fig. 3 as trace labelled e 2 ). This exciton visible in E k c is unambiguously identified as C 1 state. The higher energy component at 6.040 eV is only visible in emission when an E ? c component is observable (in our k ? c; E k c spectrum, this seems to be the case unintentionally). This contribution is thus attributed to the C 5 symmetry state.
For k ? c; E ? c orientation, one would expect the identical spectrum as found from the (c plane) side facet of our sample. However, here we detect a relatively sharp bound exciton with maximum at 6.027 eV obscuring the clear observation of the expected free exciton. This transition is identified as a bound exciton (presumably to a neutral donor) from temperature dependent luminescence experiments. Note that this donor bound exciton is not visible for E k c as already found by Funato et al. 13 We can follow the transition energies of C 1 and C 5 exciton states in temperature dependent spectra and find a perfect agreement for the C 1 exciton energy obtained from luminescence and ellipsometry data (Fig. 4) further corroborating our identification. The temperature dependence of the C 1 exciton as obtained from ellipsometry is fitted by P€ assler's model 23 and yields the parameters Eð0Þ ¼ 6:032 eV; a ¼ 0:77 meV=K; H ¼ 642 K, and D ¼ 0:30, in good agreement with earlier studies. 12 We find that the observed splitting can be best represented by an exciton ground state energy (for j ¼ 0) of 6.038 eV and a spin-exchange interaction constant of j ¼ À4 meV. The splitting between C 1 and C 5 states is 2 j, while the energy distance of the two exciton states is DEðC 1 Þ ¼ þ3j=2 and DEðC 5 Þ ¼ Àj=2 in the present case of negligible mixing with further valence bands. The value for j is comparably large and negative, which has not been observed for other semiconductors yet. The special intrinsic situation in wurtzite AlN opens the possibility to study a ground state C 1 free exciton with relatively large separation (8 meV) from the C 5 counterpart and vanishing intermixing with states from other valence bands.
Finally, we want to comment on the exciton binding energy in AlN. Our ellipsometry results are well reproduced by a fit using the hydrogen model, in agreement with Gil et al. 24 who found only small anisotropic corrections necessary. The experimental value presented here is strictly speaking only valid for the C 1 component of the exciton; however, the exciton binding energy is a function of the polariton effective mass and static dielectric constants. All these parameters are not expected to differ for C 1 and C 5 excitons, which suggest that the exciton binding energy is the same for excitons of both symmetries. The lowest band gap of wurtzite AlN is therefore at 6.091 eV, 53 meV above the exciton ground state energy (for j ¼ 0) of 6.038 eV (T ¼ 10 K).
In conclusion, we resolved a long lasting discussion about the free exciton transition in wurtzite AlN by combined high resolution spectroscopic ellipsometry and emission experiments. We clarified the corresponding fine structure of excitons resulting in a spin-exchange interaction energy of j ¼ À4 meV. Based on our findings, all previous optical spectroscopy results of wurtzite AlN can be put in The continuous red line is the best fit to the ellipsometric data using P€ assler's equation. 23 perspective. The complicated properties of this material system are untangled and the way for a better comparability and collaboration between researchers in the field of AlN is paved.
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